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ABSTRACT 
Th i s  r e p o r t  covers  t h e  f i r s t  twelve months e f f o r t  on a program t o  
f a b r i c a t e  and test  ion  mic ro th rus t e r  systems f o r  Appl ica t ions  Tech- 
nology S a t e l l i t e s  D and E, provide appropr i a t e  ground suppor t  equip- 
ment, and provide t echn ica l  suppor t  of spacecraft i n t e g r a t i o n  and 
launch. During t h e  r e p o r t i n g  period, March 22, 1967 t o  March 22, 1968, 
t h e  ma jo r i ty  of t he  e f f o r t  r equ i r ed  i n  support  of ATS-D w a s  completed. 
The micro thrus te r  system des ign  w a s  f i n a l i z e d  and a q u a l i f i c a t i o n  
model system was b u i l t  and subjec ted  t o  a q u a l i f i c a t i o n  test  program. 
Necessary t e s t  equipment w a s  designed and f ab r i ca t ed .  Two f l i g h t  
model i on  mic ro th rus t e r  systems were fabr ica ted ,  f l i g h t  acceptance 
t e s t e d  and de l ive red  t o  the  spacec ra f t  con t r ac to r .  A s  a r e s u l t  of 
s p a c e c r a f t  i n t e g r a t i o n  tests, mic ro th rus t e r  system modif ica t ions  were 
made t o  ensure  compa t ib i l i t y  wi th  spacec ra f t  equipment. The most 
important modi f ica t ion  cons i s t ed  of t h e  a d d i t i o n  of an e x t e r n a l  f i l t e r  
box which provided t r a n s i e n t  f i l t e r i n g  on a l l  telemetry,  power and 
command l i n e s .  With t h e  completion of t hese  modi f ica t ions  it is  con- 
cluded t h a t  system des ign  is b a s i c a l l y  sound and t h a t  the  de l ive red  
u n i t s  have a h igh  p robab i l i t y  of performing as a n t i c i p a t e d  i n  space 
operat  ion. 
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1. INTRODUCTION AND PROGRAM SUMMARY 
This  program covers  the  f i r s t  twelve months e f f o r t  on a program t o  
f a b r i c a t e  and test  ion  mic ro th rus t e r  systems f o r  Appl ica t ions  Tech- 
nology S a t e l l i t e s  D and E, provide appropr i a t e  ground suppor t  equip-  
ment, and provide t e c h n i c a l  support  of s p a c e c r a f t  i n t e g r a t i o n  and 
launch. 
Micro thrus te r  system development was begun i n  December 1966 under 
sponsorship of the  A i r  Force Aero Propuls ion Laboratory, Wright 
Pa t t e r son  A i r  Force Base. I n i t i a l  design work w a s  c a r r i e d  out  and 
breadboard and prototype systems were f a b r i c a t e d  and tested. The 
s u b j e c t  program began March 22, 1967. The e x i s t i n g  des ign  w a s  
modified s l i g h t l y  as t h e  r e s u l t  of a design review held  a t  GSFC, and 
f a b r i c a t i o n  of a q u a l i f i c a t i o n  model mic ro th rus t e r  w a s  begun. A t  t h e  
same t i m e ,  procurement of long lead  time screened e l e c t r o n i c  components 
f o r  f l i g h t  hardware w a s  begun. For conducting checkout and o p e r a t i o n a l  
t e s t i n g  of t h e  mic ro th rus t e r  systems, t h r e e  tes t  consoles  were designed 
and f ab r i ca t ed .  Appropriate models were f a b r i c a t e d  and de l ive red  t o  
t h e  spacec ra f t  con t r ac to r .  
and f a b r i c a t e d  f o r  t e s t i n g  the  e l e c t r o n i c  po r t ion  of t h e  systems under 
circumstances when it would be inconvenient o r  impossible t o  opera te  
a t h r u s t e r  . 
Thrus te r  subsystem s imula tors  were designed 
The q u a l i f i c a t i o n  model micro thrus te r  system w a s  completed i n  September 
1967 and q u a l i f i c a t i o n  t e s t i n g  began immediately. A s  d i c t a t e d  by t h e  
program schedule, f a b r i c a t i o n  of the  f l i g h t  model micro thrus te r  systems 
w a s  c a r r i e d  on concurrent  w i t h  t he  q u a l i f i c a t i o n  t e s t i n g .  
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By t h e  end of t he  f i r s t  tb - lve  monehs q u a l i f i c a t i o n  t e s t i n g  had been 
completed and two f l i g h t  model systems had been f ab r i ca t ed ,  success-  
f u l l y  acceptance t e s t e d ,  and de l ive red  t o  the  spacec ra f t  c o n t r a c t o r  
f o r  i n t e g r a t i o n  on t h e  ATS-D satel l i te ,  As  a r e s u l t  of s p a c e c r a f t  
i n t e g r a t i o n  tests, microLhruster system modif ica t ions  were made t o  
ensure  compa t ib i l i t y  w i th  spacec ra f t  equipment. The most important 
modi f ica t ion  c o n s i s t e d  of the a d d i t i o n  of  a n  e x t e r n a l  f i l t e r  box 
which provided t r a n s i e n t  f i l t e r i n g  on a l l  telemetry,  power and command 
l i n e s .  
Sec t ion  2 of t h i s  r e p o r t  con ta ins  a d e s c r i p t i o n  of mic ro th rus t e r  
system des ign  and cons t ruc t ion .  Sec t ion  3 desc r ibes  t h e  ground 
suppor t  equipment designed and f a b r i c a t e d  f o r  t h e  program. Sec t ion  4 
covers  t e s t i n g  conducted on t h e  q u a l i f i c a t i o n  system, whi le  Sec t ion  5 
covers  acceptance t e s t i n g  and Spacecraf t  i n t e g r a t i o n  of t he  f l i g h t  
mode 1 micro t h r u s  t er s . 
2. MICROTHRUSTER SYSTEM DESCRIPTION 
2.1  General 
This  s e c t i o n  desc r ibes  t h e  cesium con tac t  ion mic ro th rus t e r  system 
designed as an experiment f o r  t he  ATS-D and E sa te l l i tes .  
t h r u s t e r  a l s o  se rves  as an o p e r a t i o  backup system f o r  east-west 
s t a t i o n  keeping of t he  satel l i te .  The mic ro th rus t e r  is q u a l i f i e d  as 
f l igh twor thy  wi th  t o t a l  power requirement of 32W, t h r u s t  range of 0 
t o  15 ylb,  and two-axis beam d e f l e c t i o n .  
is achieved i n  2/3O increments. 
zero-g su r face  t ens ion  type and c a r r i e s  51g of cesium, enough f o r  two 
years  f u l l - t h r u s t  ope ra t ion  a t  60% duty cyc le .  A valve a t  the vapor izer  
su r face  maintains  the r e s e r v o i r  i n  a sea led  and evacuated condi t ion  
when the system i s  not  opera t ing .  The valve is  ac tua ted  by vapor izer  
The micro- 
Thrus t  vec to r ing  of +loo - 
The propel lan t  feed system is the  
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temperature, permi t t ing  ope ra t ion  without  a d d i t i o n a l  power o r  c o n t r o l  
c i r c u i t r y .  Figure 1 i s  a photo of t he  complete mic ro th rus t e r  system, 
inc luding  RFI  f i l t e r .  
2.2 Thrus t e r  Subsystem 
The t h r u s t e r  i s  a s i n g l e  a p e r t u r e  cesium con tac t  ion  engine. 
a segmented a c c e l e r a t i n g  e l e c t r o d e  f o r  t h r u s t  vec to r ing  and redundant 
thermionic e l e c t r o n  emitters f o r  ion beam n e u t r a l i z a t i o n .  Cesium 
propel lan t  i s  suppl ied  by a su r face  t ens ion  type  zero-g feed  system 
with a thermally ac tua ted  valve.  Thrus t  i s  a d j u s t a b l e  i n  5 p l b  s teps  
between 0 and 20 p l b  and may be vec tored  i n  incremental  s t e p s  between 
0' and 10' i n  the  fX - and/or  +Y - d i r e c t i o n s .  Undeflected t h r u s t  i s  
along t h e  Z ax i s .  The t h r u s t e r  i s  housed i n  a c y l i n d r i c a l  shroud 
t h a t  i s o l a t e s  it from t h e  spacec ra f t  and from the  system power con- 
d i t i on ing .  A schematic of the  t h r u s t e r  subsystem i s  shown i n  Figure 2. 
It has 
The ion ize r  is  made from porous tungs ten  s i n t e r e d  from s p h e r i c a l  
powder and machined t o  shape. It is electron-beam welded t o  a 
molybdenum c r u c i b l e  which i s  in  t u r n  electron-beam welded t o  a 
molybdenum-rhenium feed tube. A sheathed rhenium h e a t e r  is brazed 
t o  t h e  c r u c i b l e  and the  feed tube is brazed t o  a s t a i n l e s s  steel 
f l ange  w i t h  a copper n i c k e l  a l l o y  which has proven compa t ib i l i t y  with 
hot  cesium vapor. The ion ize r  assembly is  hea t  sh ie lded  wi th  a l -  
t e r n a t e  l a y e r s  of t h i n  metal f o i l  and ceramic f e l t .  The i o n i z e r  
assembly is  sea led  t o  the  cesium r e s e r v o i r  and vapor izer  assembly wi th  
a copper gasket .  
The a c c e l e r a t i n g  geometry c o n s i s t s  of contoured ionizer ,  beam forming 
e lec t rode ,  a c c e l e r a t i n g  and d e c e l e r a t i n g  e l ec t rodes  and n e u t r a l i z e r s .  
The copper a c c e l e r a t o r  e l e c t r o d e  is  c u t  i n t o  four  segments t o  p e r m i t  
beam d e f l e c t i o n  f o r  t h r u s t  vector ing.  Def l ec t ion  i s  produced by 
7 2 02 -A- 1 3 
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symmetric b i a s ing  of opposing pairs of quadrants;  one quadrant  is 
p o s i t i v e  and the  o the r  nega t ive  wi th  r e s p e c t  t o  t h e  nominal a c c e l e r a t -  
ing p o t e n t i a l .  This  scheme resu l t s  i n  adequate  d e f l e c t i o n  s e n s i t i v i t y  
and produces no s i g n i f i c a n t  spreading  of t h e  d e f l e c t e d  beam. The 
e l e c t r o n i c  c i r c u i t r y  requi red  is cons iderably  more complicated than  f o r  
a p o s t a c c e l e r a t i o n  d e f l e c t i o n  system, but r ’ s t acce le ra t ion  produces 
more beam spreading  than  can be t o l e r a t e d  i n  t h i s  app l i ca t ion .  The 
a c c e l e r a t o r  segments are supported by two alumina r i n g s  and t h e  accel- 
e r a t o r  assembly is mounted on fou r  alumina support  i n s u l a t o r s  which 
i s o l a t e  t h e  a c c e l e r a t o r  and t h e  ion ize r  from t h r u s t e r  common (ground 
p o t e n t i a l ) .  Figure 3 shows an a c c e l e r a t o r  e l e c t r o d e  being i n s t a l l e d  on 
a t h r u s t e r  subsystem. The d e c e l e r a t o r  e l e c t r o d e  is t o  one s ide .  
The d e c e l e r a t o r  e l e c t r o d e  i s  mounted t o  t h r u s t e r  common and provides 
support  f o r  t h e  two hot-wire  n e u t r a l i z e r s .  These n e u t r a l i z e r s  are 
0.007 in .  diameter tantalum doped wi th  50 ppm y t t r ium t o  r e t a r d  g r a i n  
growth. One n e u t r a l i z e r  opera tes  and one remains as back-up. The 
t h r u s t e r  is  connected e l e c t r i c a l l y  t o  i t s  power condi t ion ing  by a 
wir ing  harness  t h a t  i s  hardwired t o  a l l  t h r u s t e r  components; connect ing 
lugs  are secured t o  feedthrough i n s u l a t o r s  wi th  n u t s  and lock  washers. 
The shroud ( i n  two par t s  t o  p e r m i t  easy access)  completes the  t h r u s t e r  
subsystem. 
The p rope l l an t  system is a modified ve r s ion  of sys t ems  previously 
developed and t e s t e d  by EOS. These systems u t i l i z e  su r face  t ens ion  
fo rces  t o  e s t a b l i s h  and maintain s t a b l e  l iquid-vapor  i n t e r f a c e s .  These 
same fo rces  are used f o r  t r anspor t ing  the  l i q u i d  from the  r e s e r v o i r  t o  
t h e  vapor iz ing  a rea .  
The reservoi r ,  shown disassembled i n  Figure 4 ,  c o n s i s t s  of a c y l i n d r i c a l  
volume enc los ing  a f i n  a r r ay .  The a rea  between f i n s  t ape r s  from the  
ou t s ide  toward the  c e n t r a l  a x i s  of the  r e se rvo i r .  There are 120 f i n s  
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Figure 4 .  Reservoir Assembly Components 
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with  a spac ing  of 0.064 inch between f i n s  a t  t h e  ou t s ide  edge of t h e  
a r ray .  During operat ion,  l i q u i d  cesium i n  the area between f i n s  is 
forced  toward t h e  c e n t r a l  axis of t h e  r e s e r v o i r  and i n t o  c o n t a c t  w i th  
a porous n i c k e l  rod which c a r r i e s  t h e  cesium t o  t h e  vapor iz ing  su r face .  
A f i l l  tube and a pressure  t ransducer  (not  shown) are welded t o  t h e  
r e s e r v o i r  s h e l l .  A l l  p a r t s  of t h e  propel lan t  system are f a b r i c a t e d  
from 347 s t a i n l e s s  s t ee l  except  as noted below. 
A vapor izer  assembly i s  a t tached  t o  the  r e s e r v o i r  by machine screws, 
and is sea l ed  by a copper gaske t  crushed between machined seal su r -  
faces .  The porous n i c k e l  rod i s  p r e s s - f i t  i n t o  t h e  vapor izer  and 
te rmina tes  i n  the  area heated by a sheathed h e a t e r  brazed around the  
outs ide  of t he  tube. The vapor izer  feed  tube has been made r e - e n t r a n t  
i n t o  t h e  r e s e r v o i r  t o  reduce the  o v e r a l l  l ength  of the  p rope l l an t  
system and s t i l l  maintain adequate thermal i s o l a t i o n  between vapor izer  
and r e s e r v o i r .  
The propel lan t  system i s  designed t o  be evacuated, loaded wi th  cesium, 
and then  sea led .  The e n t i r e  loading and s e a l i n g  opera t ion  is per-  
formed under vacuum i n  t h e  chamber of an e l e c t r o n  beam welding machine. 
The evacuated and sea led  system has t h r e e  f e a t u r e s  considered v i t a l  
t o  success fu l  opera t ion  of f l i g h t  hardware: (1) the  cesium i s  pro- 
t ec t ed  from contamination dur ing  t h e  period between r e s e r v o i r  f i l l i n g  
and launch, (2) t he  cesium i s  kept  i n  the  r e s e r v o i r  and r e s t r a i n e d  
from moving i n t o  t h e  i o n i z e r  reg ion  under the  inf luence  of launch 
v ib ra t ion ,  and (3)  the  cesium i s  prevented from flowing out  of t he  
r e s e r v o i r  due t o  d i f f e r e n t i a l  pressure between the  r e s e r v o i r  and 
feed tube regions.  Sea l ing  of t he  propel lan t  system i s  accomplished 
by placing a sea led  valve a t  t he  end of t he  vapor izer  ( l iquid-vapor  
i n t e r f a c e )  and by s e a l i n g  t h e  f i l l  tube a f te r  loading. 
Since maintenance of vacuum wi th in  t h e  r e s e r v o i r  i s  c r u c i a l  t o  satis- 
f ac to ry  system operation, a minia tur ized  P i r a n i  pressure  sensor  w a s  
7202 -A-1 9 
designed, t e s t ed ,  and incorpora ted  i n t o  t h e  system des ign ,  When t h e  
sensor  is operated i n  a cons tan t  temperature  mode by an automatic  
br idge  c i r c u i t  developed f o r  t he  purpose, e x c e l l e n t  s e n s i t i v i t y  is 
achieved i n  the  pressure r eg ion  of i n t e r e s t ,  0.01 t o  1 t o r r .  
Terminals from the  pressure  sensor  are brought out  t o  t h e  t h r u s t e r  
focus e lec t rode ,  and are a c c e s s i b l e  through openings i n  t h e  a c c e l e r a t o r  
and d e c e l e r a t o r  e l ec t rodes .  Thus, by i n s e r t i n g  a probe through t h e  
2-inch diameter  opening a t  t he  t h r u s t e r  end of t he  package, the  con- 
d i t i o n  of the  propel lan t  system can  be determined whenever des i r ab le ,  
from the  t i m e  of assembly on. Per iodic  monitor ing of t h e  pressure  
can be used t o  develop very  high confidence i n  t h e  i n t e g r i t y  of a 
p a r t i c u l a r  system. 
The va lve  developed t o  seal t h e  feed  system opera tes  by d i f f e r e n t i a l  
thermal expansion of d i s s i m i l a r  materials. It consists of a n  Invar  
tube i n s i d e  a s t a i n l e s s  s teel  tube. Attached t o  the  Invar  tube is a 
n i c k e l  t i p  which seats i n  an o r i f i c e  i n  the  vapor feed  l i n e .  Power 
is conducted t o  the  va lve  area from both the  i o n i z e r  and t h e  vapor izer .  
The d i f f e r e n c e  i n  expansion between t h e  Invar  tube and the s t a i n l e s s  
tube is  s u f f i c i e n t  t o  move the  t i p  away from t h e  seat, opening t h e  
valve.  F igure  5 shows a schematic of the  valve.  When sea l ed  t h i s  
va lve  has a l e a k  rate of less than 3 x 10 STD c c  He/sec and reseals 
i n  the  presences of cesium s i x  or  more times. The va lve  begins  t o  
open a t  6OoC and reseals a t  4OoC; normal opera t ion  temperature is 
-10 
3 OOOC . 
2.3 Control  Logic/Power Conditioning Unit  (CLPC) 
The CLPC s y s t e m  provides the var ious power forms needed t o  opera te  the  
cesium con tac t  mic ro th rus t e r .  The power condi t ion ing  system i s  designed 
t o  opera te  from a -24V dc regula ted  power bus. I f  the  bus should f a l l  
7202 -A-1 10 
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below -19V dc t h e  CLPC w i l l  shu t  down and can only be r e s t a r t e d  by 
ground command . 
A block diagram of the  e n t i r e  system is shown i n  Figure 6 .  This  
diagram shows the  r e l a t i o n s h i p s  between the  two conver te rs ,  t h e  
comand system, te lemet ry  system and the  beam d e f l e c t i o n  and t h r u s t  
l e v e l  c i r c u i t r y .  Table  I l i s t s  t h e  output  s p e c i f i c a t i o n s  of t h e  
var ious  CLPC supp l i e s  which ope ra t e  the  engine. 
The i o n i z e r  conve r t e r  supp l i e s  power t o  h e a t  t h e  i o n i z e r  and 
n e u t r a l i z e r  as w e l l  a s  power f o r  ope ra t ing  t h e  l o g i c  and c o n t r o l  
c i r c u i t r y .  A block diagram is  shown i n  F igure  7 .  The conve r t e r  is 
a s e l f - s a t u r a t i n g ,  push-pull type operated a t  a 10 W z  swi tch ing  rate. 
The ionizer h e a t e r  c u r r e n t  is l imi t ed  by a s a t u r a b l e  r e a c t o r  i n  
series wi th  one of t he  power leads  t o  prevent excess ive  c u r r e n t  f low 
i n t o  the  co ld  element when power is i n i t i a l l y  appl ied .  A separate 
secondary winding s u p p l i e s  power t o  t h e  n e u t r a l i z e r  h e a t e r  elements.  
A c u r r e n t  sensor  provides te lemet ry  vo l t age  readout  of t h e  n e u t r a l i z e r  
and i o n i z e r  h e a t e r  cu r ren t s .  
A n e u t r a l i z e r  select  c i r c u i t  connects h e a t e r  power t o  e i t h e r  of two 
n e u t r a l i z e r  f i l aments  s e l e c t e d  by ground command. I f  a f i l amen t  burns 
out, t h e  hea te r  c u r r e n t  drops t o  zero,  and the  n e u t r a l i z e r  select 
c i r c u i t  au tomat ica l ly  switches power t o  the  remaining f i lament .  
The main conver te r  supp l i e s  power t o  the ion beam, a c c e l e r a t o r  
e l e c t r o d e  and vapor i ze r  hea te r ;  a block diagram is shown i n  Figure 8. 
The conver te r  is a s e l f - s a t u r a t i n g ,  push-pull type operated a t  a 
1 0  kHz switching rate. P o s i t i v e  and negat ive  h igh  vo l t ages  are 
obtained from vo l t age  doublers  dr iven  by separate windings on t h e  
conve r t e r  t ransformer.  Curren ts  are sensed by r e s i s t o r s  i n  the  low 
p o t e n t i a l  s i d e  of each doubler.  S igna ls  from these  two r e s i s t o r s  
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TABLE I 
POWER SUPPLY OUTPUT SPECLFICATIONS 
* 
Rated Output 
Supply Voltage Current  Power Remarks 
Be a m  f300W dc 1000 p A  3.OW 
Accelera tor  -2OOOV dcJSik < 200 pA 0.4W 
Ion ize r  4.4V ac 2.3A 10.1w 
Vaporizer 3.5V ac  1 . 3 A  4.6W Cont ro l led  by beam c u r r e n t  
Neu t ra l i ze r  1 . 5 V  ac  2.4A 3.6W 
Def l ec t ion  t 2 5 0 V  dc 250 pA 0.1 
21.8W 
*For nominal -24V dc input  vo l t age  condi t ions  and 20 plb t h r u s t  
**Beam d e f l e c t i o n  vo l t ages  are superimposed on a c c e l e r a t o r  vo l t age  
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are added i n  an ope ra t iona l  a m p l i f i e r ;  t he  sum is  taken t o  be t h e  b e s t  
a v a i l a b l e  measure of beam c u r r e n t  and is used as t h e  feedback s i g n a l  
i n  t h e  vapor izer  c o n t r o l  loop. 
High vo l t age  overloads are sensed by c u r r e n t  t ransformers  i n  series 
wi th  t h e  h igh  vo l t age  secondaries .  
is produced by e i t h e r  transformer,  a d i sc r imina to r  i s  t r i g g e r e d  and 
t h e  i n v e r t e r  i s  temporar i ly  d isab led .  Af te r  approximately 5 m i l l i -  
seconds, t h e  i n v e r t e r  i s  r e s t a r t e d ;  i f  t he  overload is s t i l l  present,  
the i n v e r t e r  w i l l  aga in  be shu t  o f f .  This process i s  repeated u n t i l  the  
f a u l t  has co r rec t ed  i t s e l f .  I f  the overloading cont inues f o r  approxi-  
mately 40 seconds,  the system is turned of f  by an a rc-count ing  c i r c u i t .  
This c i r c u i t  accepts  the overload shutdown s i g n a l s  descr ibed  above and 
connects them t o  an a c t i v e  i n t e g r a t o r ;  i f  the  a rc ing  p e r s i s t s ,  the  out-  
p u t  of the i n t e g r a t o r  t r i p s  a c i r c u i t  g iv ing  high vol tage  o f f ,  t h r u s t  
o f f ,  and ion ize r  of f  commands. Ion ize r  on, high vol tage  on, and t h r u s t  
on can then only be appl ied  by ground command. 
When a s u f f i c i e n t l y  l a r g e  s i g n a l  
Two-axis beam d e f l e c t i o n  i s  achieved by adding d i f f e r e n t i a l  vo l tages  
t o  a segmented a c c e l e r a t o r  e lec t rode .  A block diagram of the  beam 
d e f l e c t i o n  system is shown i n  Figure 9. Def l ec t ion  command pulses  
d r i v e  a 4-s tage binary counter  which d r i v e s  a d ig i t a l - to -ana log  con- 
v e r t e r .  The 16- leve l  analog s i g n a l  c o n t r o l s  t he  d e f l e c t i o n  conver te r  
which a p p l i e s  t he  d e f l e c t i o n  p o t e n t i a l  d i f f e r e n c e s  t o  the  a c c e l e r a t o r  
e l ec t rode  quadrants .  Three te lemetry outputs  are provided; t he  f i r s t  
two i n d i c a t e  the  magnitude of t he  X and Y d e f l e c t i o n s  whi le  t he  t h i r d  
ind ica t e s  t h e  quadrant i n  which d e f l e c t i o n  is being produced. 
The c o n t r o l  of engine t h r u s t  is  achieved by ground command as shown 
i n  Figure 10. 
c r a f t  feeds a two s t a g e  b inary  counter;  t h e  output  of the  counter  
goes t o  a d ig i ta l - to-ana log  conver te r  which provides the  re ference  
The " t h r u s t  l e v e l  s e l e c t "  command pulse  from the  space- 
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s i g n a l  f o r  t he  vapor i ze r  c o n t r o l  loop. Appl ica t ion  of t h e  r e fe rence  
s i g n a l  i s  governed by t h r u s t  on and o f f  commands. In t h e  reset  
p o s i t i o n  the  D/A conver te r  has  an output  r e fe rence  s i g n a l  corresponding 
t o  5 p l b  t h r u s t .  
received,  the  counter  s t e p s  one p o s i t i o n  and t h e  output  of t h e  D/A 
conve r t e r  changes the  r e fe rence  t o  10 p lb .  Subsequent command pulses  
s t e p  the  t h r u s t  re fe rence  to 15 plb,  20 p l b  and back t o  5 p lb .  
When a " t h r u s t  l e v e l  select" command pulse  i s  
The mic ro th rus t e r  command system i s  designed f o r  the  maximum f l e x i b i l i t y  
of engine opera t ions  through the use of ground commands. 
10 command channels are provided. A block diagram of the  command 
c o n t r o l  system i s  shown i n  Figure 11. 
A t o t a l  of 
Important  o f f  commands a r e  in te r locked  toge ther .  For example, an 
ion ize r  h e a t e r  of f  command a l s o  g ives  a high vo l t age  and t h r u s t  o f€  
command. This  i n t e r lock ing  prevents any undes i rab le  engine ope ra t ing  
cond i t ion  from occurr ing due t o  a missent  ground command. A power 
f a i l u r e  d e t e c t i o n  c i r c u i t  g ives  an  ion ize r  h e a t e r  o f f  cmand,  a high  
vo l t age  o f f  command and t h r u s t  o f f  command whenever the  r egu la t ed  bus 
f a l l s  below -19V dc. An a r c  count ing c i r c u i t  a l s o  g ives  i o n i z e r  h e a t e r ,  
h igh vo l t age ,  and t h r u s t  o f f  commands i f  engine arcs have occurred 
cont inuously f o r  approximately f o r t y  seconds. 
The te lemet ry  system monitors the  micro thrus te r  engine and power 
condi t ion ing  func t ions  necessary f o r  determining t h r u s t  l eve l ,  beam 
de f l ec t ion ,  system performance and s e l e c t e d  d i agnos t i c s .  
The twelve t e l e m e t r y  channels c a r r y  nega t ive  going s i g n a l s  i n  the  
range of 0 t o  5.W de ,  Zener diodes a r e  provided t o  l i m i t  t h e  output  
of t he  te lemet ry  channels t o  -5,5V dc. A l l  t e lemet ry  channels are 
r e f e r r e d  t o  spacec ra f t  ground p o t e n t i a l  and have output impedances 
of 5000 ohms o r  less. A l i s t  of te lemetry channels is shown i n  
Table 11. 
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TABLE I1 
TELEMETRY SYSTEM 
Funct ion 
Beam c u r r e n t  
Acce lera tor  c u r r e n t  
N e u t r a l i z e r  h e a t e r  cu r ren t  
N e u t r a l i z e r  emission c u r r e n t  
Vaporizer h e a t e r  c u r r e n t  
Ion ize r  h e a t e r  c u r r e n t  
Inver  t e r temper a t  u r  e 
I n v e r t e r  input  cu r ren t  
X-axis d e f l e c t i o n  
Y-axis d e f l e c t i o n  
Quadrant i nd ica t ion  
Thrust  l e v e l  command s t a t u s  
Units 
0 - 1.25 mA 
0 - 200 PA 
0 - 3 . 0 A  
0 - 1.25 mA 
0 - 2.0A 
0 - 3 . 0 A  
-5OOC - I-15O0C 
0 - 1.5A 
0 - loo 
0 - loo 
I 
I1 
111 
IV 
0 p l b  
5 p l b  4 plb" 
10 p l b  8 plb" 
15 p l b  12  plb* 
20 p l b  16 plb* 
* 
a p p l i e s  t o  s y s t e m s  i n  which the t h r u s t  l e v e l s  have been sca l ed  
down t o  the values  shown by a d d i t i o n  of a r e s i s t o r  i n  the r e f e r -  
ence c i r c u i t r y  
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2.4 E l e c t r o n i c  Packaging 
Two f a c t o r s  combined t o  make t h e  e l e c t r o n i c  packaging t a s k  a formidable 
one: t h e  bas i c  package dimensions had been f rozen  before  t h e  c i r c u i t  
development w a s  begun, and t h e  comprehensive command, con t ro l ,  and 
te lemet ry  requirements  imposed r equ i r ed  t h a t  t h e  c i r c u i t r y  be r a t h e r  
e l abora t e .  The r e s u l t  w a s  t h a t  a densely packed package had t o  be 
developed; 1100 components are contained i n  approximately 100 cubic  
inches, g iv ing  a component dens i ty  of 11 components pe r  cubic  inch. 
The e l e c t r o n i c  package c h a s s i s  c o n s i s t s  of t h r e e  parts: main chass i s ,  
t o  which a l l  components are mounted, main ou te r  cover which opens t o  
expose t h r e e  s i d e s  of c h a s s i s  i n t e r i o r ,  and high vo l t age  compartment 
cover. The main c h a s s i s  forms t h e  bas i c  s t r u c t u r e  of the  mic ro th rus t e r  
assembly. 
supports  most of t h e  load of the  assembled u n i t .  It is  made from 
0.090 aluminum sheet ,  composition 6061, and was d i p  brazed as a u n i t  
t o  make an i n t e g r a l  piece.  Subsequent hea t  t r e a t i n g  brought t h e  y i e l d  
s t r e n g t h  t o  35,000 p s i  (T6 condi t ion) .  
j i gg ing  t o  minimize t o o l i n g  f o r  t he  braz ing  process.  
This  c h a s s i s  carries one of t he  a t t a c h i n g  f l anges  and 
The c h a s s i s  w a s  l a r g e l y  se l f -  
S t r u c t u r a l  adequacy w a s  a primary concern dur ing  c h a s s i s  design.  
S t r u c t u r a l  a n a l y s i s  w a s  conducted t o  insure  t h a t  t h e  brazed j o i n t s  
would support  both t h e  s t a t i c  and dynamic loads imposed upon t h e  chass i s .  
The s e l f - j i g g i n g  t a b s  were loca ted  t o  r e i n f o r c e  those j o i n t s  which 
were most heavi ly  loaded and so  have t h e  lowest margins of s a f e t y .  
The main ou te r  cover w a s  a l s o  brazed. The cover is a secondary 
s t r u c t u r a l  member and is  designed t o  s t i f f e n  t h e  assembly and t o  c a r r y  
p a r t  of t he  s t r u c t u r a l  load. 
response of the chassis. 
The cover a l s o  dampens the  v i b r a t i o n a l  
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The c h a s s i s  and cover are n i c k e l  and gold p l a t ed  and then  painted wi th  
3M Black Velvet (Se r i e s  400). The eng ine /chass i s  i n t e r f a c e  is l e f t  
unpainted as is t h e  c h a s s i s / s p a c e c r a f t  i n t e r f a c e  sur face .  
The welded modules mate wi th  t h e  main c h a s s i s  assembly and are of 
s tandard  c o n s t r u c t i o n  wi th  plug-in bases and a f i t t i n g  on t o p  of each 
f o r  ease  of removal. 
pot t ing.  A l l  bases have guide pins loca t ed  t o  a s su re  t h a t  each module 
w i l l  only plug i n t o  i t s  own socket .  The board onto which the  modules 
mount is  cons t ruc ted  of g l a s s  epoxy and has  p r in t ed  conductors  on t h e  
bottom s i d e  where in te rconnec t ions  a r e  r equ i r ed  between modules. A l l  
w i r ing  from modules i s  dressed  t o  one edge of t h e  board. 
i s  mounted on a hinge which p e r m i t s  the  module board t o  be r o t a t e d  t o  
one s i d e  f o r  access  t o  module wir ing  and high vo l t age  box. The board 
is he ld  i n  the  c losed  pos i t i on  with two screws. Modules a r e  shown 
i n s t a l l e d  i n  Figure 13. Medules r e q u i r i n g  RFI s h i e l d i n g  are enclosed 
by a mumetal box, The mumetal box is a t t ached  t o  t h e  board by means 
of t abs  passing through t h e  board then bent over and so ldered  on t h e  
oppos i te  s ide .  
F igure  12 shows a t y p i c a l  welded module before  
This  edge 
A l l  h igh vo l t age  components a r e  mounted i n s i d e  a s e p a r a t e  compartment. 
This  compartment i s  loca ted  under t h e  module mounting board. The high 
vo l t age  compartment i s  r e a d i l y  a c c e s s i b l e  by r o t a t i n g  t h e  hinged 
module board assembly and removing the  cover; it may be seen i n  
Figure 14. 
2.5 Externa l  €3'1 F i l t e r  
During t e s t i n g  of t h e  mic ro th rus t e r s  on the  ATS-D s p a c e c r a f t  t h e  need 
f o r  KFI f i l t e r i n g  w a s  discovered. Sec t ion  4.3 desc r ibes  t h e  s i t u a t i o n  
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l ead ing  t o  the  dec i s ion  t o  add an e x t e r n a l l y  mounted f i l t e r ;  t h i s  
s e c t i o n  desc r ibes  the  f i l t e r  t h a t  w a s  b u i l t  t o  meet t h e  need. 
Fabr i ca t ion  was a l ready  completed on the mic ro th rus t e r  and a l l  
a v a i l a b l e  space i n  t h e  e x i s t i n g  envelope had been u t i l i z e d .  A new 
i n t e r f a c e  s p e c i f i c a t i o n  w a s  developed wi th  Hughes A i r c r a f t  Company 
t o  provide space f o r  a f i l t e r  c h a s s i s  mounted e x t e r n a l l y  t o  t h e  
e x i s t i n g  mic ro th rus t e r  system. 
A f i l t e r i n g  scheme w a s  then devised t o  f i t  i n t o  the  new envelope. 
This  scheme cons i s t ed  of commercially a v a i l a b l e  i n - l i n e  f i l t e r s  
bulkhead mounted i n  a box mounted d i r e c t l y  on t h e  e x i s t i n g  micro- 
t h r u s t e r  system. A l l  power, command and te lemet ry  l i n e s  a r e  f i l t e r e d ,  
and a d d i t i o n a l  suppression on TM l i n e s  i s  provided by c a p a c i t o r s  
i n s t a l l e d  between s i g n a l  and ground l i n e s .  A schematic of t he  f i l t e r  
box is  shown i n  F igure  15. The c h a s s i s  is  machined from one piece of 
aluminum and gold p la ted .  A main cover and two s i d e  covers  p r w i d e  
access  t o  the  four  separate compartments. Figure 16 shows the  f i l t e r  
box wi th  covers  removed and wi th  t h e  mounting bracke ts  which a t t a c h  
t h e  f i l t e r  t o  the  micro thrus te r  system. 
3 .  GROUND SUPPORT EQUIPMENT 
A v a r i e t y  of equipment w a s  designed and used i n  support  of micro- 
t h r u s t e r  system fab r i ca t ion ,  t e s t ing ,  and spacec ra f t  i n t eg ra t ion .  
Included i n  t h i s  category a r e  harness  models, mass models: t e s t  
consoles,  P i r a n i  gauge c o n t r o l l e r s ,  and two types  of t h r u s t e r  sub- 
sys  t e m  s imula tors .  
The harness  models were wooden models of the complete micro thrus te r  
system. They dupl ica ted  the  s ize ,  shape, mounting arrangement, and 
connector l o c a t i o n  of the micro thrus te r  and were used on a mockup 
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s p a c e c r a f t  f o r  determining mounting arrangement and layout  ou t  wi r ing  
harnesses .  
The mass models were cons t ruc ted  of blocks of aluminum and dup l i ca t ed  
the  mass and cen te r  of mass (but  no t  moments of i n e r t i a )  of  t h e  micro- 
t h r u s t e r .  Their  func t ion  w a s  t o  provide s imula t ion  of t h e  mic ro th rus t e r s  
dur ing  environmental  t e s t i n g  of  t he  T6 prototype spacec ra f t .  
I n  t h e  e a r l y  planning s t a g e s  of t he  program a d i s t i n c t i o n  was made 
between checkout consoles  which would be used t o  v e r i f y  o p e r a t i o n a l  
r ead iness  of t he  system and test consoles  which would be used dur ing  
f u l l  system operat ion.  Thus, both types  are s p e c i f i e d  as d e l i v e r a b l e  
hardware. A s  the  program progressed it became clear t h a t  i t  would be 
most p r a c t i c a l  t o  bu i ld  only one type of console, one t h a t  could pe r -  
form a l l  requi red  func t ions .  The r e s u l t i n g  t e s t  console  is shown i n  
Figure 17. The t o p  por t ion  of t he  panel is a s soc ia t ed  w i t h  te lemet ry  
readout .  Telemetry s i g n a l s  from the  CLPC are a v a i l a b l e  f o r  d r i v i n g  a 
s t r i p  c h a r t  recorder  and may a l s o  be monitored, one a t  a t i m e ,  by the  
d i g i t a l  vo l tmeter  on t h e  tes t  console  panel. C a l i b r a t i o n  s i g n a l s  of 
1.25, 2.50, 3.75, and 5.00 v o l t s  may be s u b s t i t u t e d  f o r  any te lemet ry  
s i g n a l  by means of the  small toggle  switches shown. 
of the  main panel is a s soc ia t ed  wi th  commands and command s t a t u s .  
Operating commands are given by depress ing  t h e  but tons  shown. Wherever 
possible,  t e lemet ry  s i g n a l s  are used t o  d r i v e  i n d i c a t o r  lamps. Thus, 
when the  ion ize r  h e a t e r  i s  on, a green l a m p  under the  i o n i z e r  on but ton  
i s  i l lumina ted .  Since it  i s  imprac t i ca l  t o  d r i v e  i n d i c a t o r s  from the  
x and y d e f l e c t i o n  te lemetry s igna l s ,  t he  i n d i c a t o r s  shown i n  the  upper 
r i g h t  hand corner  of t he  command panel r e g i s t e r  t h e  number of command 
pulses issued,  
The lower por t ion  
The but tons under t h e  t r anspa ren t  hinged panel i n  the  lower r i g h t  
corner  are reserved f o r  checkout of t h e  f u l l y  assembled mic ro th rus t e r  
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system us ing  the  CLPC test  connector,  54. 
must n o t  be operated i n  air, t he  a i r  checkout procedure includes:  
1) v e r i f i c a t i o n  of power r e l a y  operat ion,  2) v e r i f i c a t i o n  of i o n i z e r  
h e a t e r  and vapor izer  h e a t e r  i n t e g r i t y  through momentary (1/2 second) 
operat ion,  3) v e r i f i c a t i o n  of high vo l t age  conver te r  opera t ion  through 
momentary (1/2 second) operat ion,  4) v e r i f i c a t i o n  of n e u t r a l i z e r  
i n t e g r i t y  through ind iv idua l  r e s i s t a n c e  measurements, 5) v e r i f i c a t i o n  
of ope ra t ion  of t h r u s t  c o n t r o l  and beam vec tor  c o n t r o l  c i r c u i t r y .  
Three i d e n t i c a l  consoles  of t he  type shown were f a b r i c a t e d  and have 
received ex tens ive  use on the  program. 
S ince  the  t h r u s t e r  subsystem 
As a necessary ad junc t  t o  the  P i r a n i  pressure  t ransducers  incorporated 
i n t o  the  mic ro th rus t e r  cesium rese rvo i r s ,  two P i r a n i  gage c o n t r o l l e r s  
were designed and f ab r i ca t ed .  The P i r a n i  element is connected i n t o  an 
au tomat ica l ly  balanced br idge  c i r c u i t  and a measurement is made of t he  
power d i s s i p a t i o n  requi red  t o  maintain the  P i r a n i  element a t  a p re -  
determined r e s i s t a n c e  va lue  (and thus a t  a predetermined temperature 
s i n c e  the  P i r a n i  element is temperature s e n s i t i v e ) .  A sepa ra t e  measure- 
ment is  made of t he  P i r a n i  housing temperature by means of a temperature 
s e n s i t i v e  r e s i s t o r  ( s e n s i s t o r )  a t tached  t o  the  housing. From these  
two measurements and the  appropr i a t e  c a l i b r a t i o n  curves, t h e  r e s e r v o i r  
pressure may be determined wi th  s a t i s f a c t o r y  accuracy i n  t h e  range 
between 10  and 1000 microns. 
The f i r s t  t h r u s t e r  subsystem s imula tor  b u i l t  on t h e  program is a 
labora tory  device used i n  checking out and measuring c h a r a c t e r i s t i c s  
of CLPC un i t s .  Meters are included f o r  measuring a l l  s i g n i f i c a n t  
vo l tages  and cu r ren t s .  The ion ize r  h e a t e r  is s imulated by a f i x e d  
r e s i s t o r .  Neu t ra l i ze r  f i l aments  a r e  a l s o  s imulated by f ixed  r e s i s t o r s .  
Each r e s i s t o r  is connected through a switch which may be ac tua ted  t o  
v e r i f y  CLPC a c t i o n  i n  case  of n e u t r a l i z e r  f a i l u r e .  
vo l tage  load is s imulated by a r e s i s t o r ,  Any one of four  r e s i s t o r s  
The negat ive  h igh  
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may be se l ec t ed .  By making measurements wi th  a l l  r e s i s t o r s ,  vo l t age  
r e g u l a t i o n  and overload t r i p o f f  c h a r a c t e r i s t i c s  are determined. The 
p o s i t i v e  h igh  vo l t age  load is s imulated by a vacuum diode operated i n  
the  temperature  l i m i t e d  mode. The diode f i l amen t  is heated by the  
vapor izer  h e a t e r  supply. This  arrangement provides both s imulated 
loads and al lows opera t ion  of the ion  beam c o n t r o l  feedback loop 
s i n c e  the  requi red  r e l a t i o n s h i p  between vapor i ze r  power and beam 
c u r r e n t  is s imulated by the  diode. 
As  t he  program progressed it became c l e a r  t h a t  a t h r u s t e r  s imula tor  
which could be a t tached  d i r e c t l y  t o  the  CLPC and f i t  i n s i d e  t h e  
t h r u s t e r  housing would be extremely valuable .  Accordingly, the  
c o n t r a c t  was modified t o  cover the  des ign  and cons t ruc t ion  of two 
such s imula tors  capable  of opera t ing  s a t i s f a c t o r i l y  e i t h e r  i n  a i r  
o r  i n  vacuum. Figure 18 shows the  cons t ruc t ion  of a s imula tor .  
The bas i c  des ign  of the  air/vacuum s imula to r s  i s  the  same as t h a t  of 
the  l a r g e r  s imulator .  The ion ize r  hea te r  and negat ive  h igh  vo l t age  
loads are s imulated by r e s i s t o r s .  P o s i t i v e  h igh  vo l t age  load, vapor izer  
hea te r  load, and the  func t iona l  r e l a t i o n s h i p  between h e a t e r  power and 
beam c u r r e n t  are s imulated by a vacuum diode. One n e u t r a l i z e r  i s  
s imulated by a r e s i s t o r .  The o the r  is s imulated by a t ransformer-  
r e c t i f i e r  which d r i v e s  a high vol tage  vacuum re l ay .  The r e l a y  
c o n t a c t s  a r e  connected ac ross  the  nega t ive  high vol tage  supply. When 
t h i s  n e u t r a l i z e r  pos i t i on  is  se lec ted ,  t he  r e l a y  is  energized and a 
s h o r t  c i r c u i t  load i s  appl ied  t o  the  nega t ive  supply. This  provis ion 
was incorporated t o  permit overload t e s t i n g  dur ing  times (such as 
spacec ra f t  solar-vacuum t e s t i n g )  when the  micro thrus te r  system i s  
inaccess ib le .  For t e s t i n g  dur ing  times when t h e  s imula tor  is access ib le ,  
two switches are provided f o r  producing high vol tage  sparks .  One switch 
connects nega t ive  high vo l t age  t o  ground while  t he  o ther  connects  nega- 
t i v e  high vo l t age  t o  p o s i t i v e  high vol tage;  these  a r e  the  predominant 
high vo l t age  breakdown modes. 
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The air/vacuum s imula tors  have found a number of a p p l i c a t i o n s  on the  
program. The most important of t h e s e  is s u b s t i t u t i o n  f o r  t he  t h r u s t e r s  
dur ing  s p a c e c r a f t  solar-vacuum t e s t i n g ,  a test  dur ing  which i t  i s  
h igh ly  d e s i r a b l e  t o  e x e r c i s e  t h e  e l e c t r o n i c  po r t ion  of t h e  system bu t  
undes i rab le  t o  ope ra t e  t h e  t h r u s t e r .  Other a p p l i c a t i o n s  have involved 
RFI i n v e s t i g a t i o n s  and r e t e s t i n g  of modified power condi t ion ing  u n i t s .  
4. DESIGN QUALIFICATION TESTING 
4.1 Q u a l i f i c a t i o n  Test Procedure 
Design q u a l i f i c a t i o n  t e s t i n g  f o r  t he  mic ro th rus t e r  system w a s  based on 
ATS Technical  Requirement S2-0102, Environmental Q u a l i f i c a t i o n  and 
Acceptance T e s t  S p e c i f i c a t i o n  Component Tes t ing .  
incorpora ted  t o  t ake  i n t o  account unique c h a r a c t e r i s t i c s  of ion  t h r u s t e r s ,  
which r e q u i r e  a vacuum environment f o r  opera t ion .  I n  q u a l i f i c a t i o n  
t e s t i n g  the  u n i t  i s  s t r e s s e d  t o  l e v e l s  exceeding those expected i n  
a c t u a l  operat ion;  t he  sequence includes ho t  and cold s torage,  humidity, 
v ib ra t ion ,  a c c e l e r a t i o n  and thermal vacuum. The q u a l i f i c a t i o n  test 
program i s  descr ibed  and s i g n i f i c a n t  r e s u l t s  reported.  
Modif icat ions were 
The q u a l i f i c a t i o n  test  sequence begins wi th  an  ope ra t iona l  check of the 
micro thrus te r  system i n  vacuum. The u n i t  is operated a t  each t h r u s t  
level (nominal 0, 5, 10, 15, 20 p l b )  and beam d e f l e c t i o n  c i r c u i t r y  is  
exerc ised  a t  each l eve l .  Beam d e f l e c t i o n  d a t a  i s  obtained wi th  t h e  
moveable Faraday cup probe assembly shown i n  Figure 19. 
a p e r t u r e  allows c o l l e c t i n g  complete beam pos i t i on  d a t a  wi th  one sweep 
of the  probe. By r o t a t i n g  t h e  mic ro th rus t e r  system about  i t s  t h r u s t  
The s l i t  
ax is ,  both beam d e f l e c t i o n  d i r e c t i o n s  may be mapped. Af t e r  ope ra t iona l  
t e s t i n g  has v e r i f i e d  performance, the u n i t  is removed from the  vacuum 
chamber, cleaned, and put i n t o  ho t  and co ld  s torage ,  s i x  hours each of 
+5OoC and -lO°C. After hot  and cold s torage,  humidity i s  r a i s e d  t o  
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9% a t  30°C and he ld  f o r  24 hours. 
f ollawed by random v ib ra t ion .  
are given i n  Tables  111 and IV.  
t o  23g s t a t i c  a c c e l e r a t i o n  f o r  3 minutes. 
vacuum is the  most extensive,  c o n s i s t i n g  of 2 0  days operat ion.  Th i s  
t e s t  inc ludes  25 on-off cyc le s  t o  demonstrate start-restart  c a p a b i l i t y .  
Three cyc le s  each are performed a t  maximum and minimum temperature 
extremes of -5' and +38OC f o r  the  thermal enc losure  around t h e  micro- 
t h r u s t e r .  The remaining 19 cyc le s  a r e  performed a t  2OoC. 
25 cyc le s  have been completed the  u n i t  is operated cont inuously f o r  
14 days, then 25 more on-off cyc le s  are performed a t  ambient tempera- 
t u r e .  Throughout the  test ,  t h r u s t  l e v e l  and beam d e f l e c t i o n  are 
exe rc i sed  r egu la r ly .  
S inuso ida l  v i b r a t i o n  is next,  
V ib ra t ion  s p e c i f i c a t i o n s ,  from TR S2-0102 
After v i b r a t i o n  t h e  u n i t  is subjec ted  
The f i n a l  test, thermal- 
After t h e  
4.2  F i r s t  Q u a l i f i c a t i o n  S e r i e s  
Tes t ing  began wi th  q u a l i f i c a t i o n  model mic ro th rus t e r  SN 01-01. The 
f i r s t  number i d e n t i f i e s  the  CLPC subsystem, t h e  second the t h r u s t e r  
subsystem. The f i r s t  s t e p  cons i s t ed  of bench checkout of t he  CLPC. 
Output vo l t age -cu r ren t  curves  f o r  the  power supp l i e s  were p lo t t ed  and 
te lemetry channels were c a l i b r a t e d .  
t ransformer t o  a washer w a s  e l imina ted  by adding H-film i n s u l a t i o n  
under the  washer and i t  w a s  discovered t h a t  a f a i l e d  ope ra t iona l  
ampl i f i e r  i n  one of the welded modules made the  a c c e l e r a t o r  vo l t age  
te lemet ry  channe 1 inope ra t ive  . 
Breakdown of a h igh  vo l t age  
The system w a s  assembled and put i n t o  Opera t iona l  T e s t  on September 8, 
1967. I n i t i a l  opera t ion  was s a t i s f a c t o r y .  After a few hours, however, 
r e p e t i t i v e  overloading of the h igh  vol tage  conver te r  w a s  observed. 
Af te r  continued experimentation, i t  w a s  e s t a b l i s h e d  t h a t  the  over- 
loading w a s  c l o s e l y  c o r r e l a t e d  wi th  the CLPC temperature sensor  output  
and d i d  not  appear t o  be c o r r e l a t e d  wi th  t h r u s t e r  parameters. The 
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TABLE I11 
Frequency 
20-150 
- 
Frequency 
10-25 
25 -25 0 
250-400 
400-2000 
10-17 
17-250 
25 0-400 
400-2 000 
Ac c e 1 era t ion 
(g + r m s )  
SINUSOIDAL VIBRATION SCHEDULE 
COMPONIZNT DESIGN QUALIFICATION 
Leve 1 
Axis (O-Peak G) 
Thrust +2.3 - 
z -z +11.5 - 
218.5 
t7.5 
Lateral 0.50 in.  double ampl. 
x-x t7.5 
K-K t7.5 
and kl5.0 
TABLE IV 
150-300 
~ 3 00-2000 
9.2 
J IBRAT ION SCHEDULE 
V QUALIFICATION 
4 Min. 
per axis 
Increasing from 
150 Hz at  a con- 
stant rate of 
+3 .0  dB per octave. 
0.045 
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t e s t  was terminated and t h e  system disassembled. Fu r the r  experimental  
opera t ion  wi th  t h e  CLPC and a t h r u s t e r  s imula tor  revea led  t h a t  a h igh  
vo l t age  r e s i s t o r  used i n  a vo l t age  d i v i d e r  t o  provide the  a c c e l e r a t o r  
vo l t age  te lemet ry  w a s  s h o r t i n g  i n t e r m i t t e n t l y  i n  vacuum operat ion.  
Severa l  replacement r e s i s t o r s  were s u c c e s s f u l l y  t e s t e d  under vacuum 
and h igh  vo l t age  f o r  approximately t e n  hours. 
t o  r ep lace  t h e  f a u l t y  r e s i s t o r .  The r epa i r ed  CLPC w a s  checked, and 
t h e  system reassembled. I n  the  course  of system ope ra t ion  t h e  same 
i n t e r m i t t e n t  overloading w a s  aga in  encountered. Diagnos t ic  ope ra t ion  
was repeated; t h i s  t i m e  both V+ and V -  h igh vo l t age  r e s i s t o r s  were 
found t o  be f a i l i n g .  By d i r e c t i o n  of t he  Technical  Officer the  
r e s i s t o r s  were removed from the  c i r c u i t  and V+ and V -  were removed 
from the  te lemet ry  l i s t .  
One of t hese  w a s  used 
Also dur ing  t h i s  t es t  the  t h r u s t e r  appeared t o  s u f f e r  i o n i z e r  contami- 
nat ion;  t he  cesium f lowra te  w a s  adequate but  t h e  ion ize r  could  not  
produce the  appropr ia te  number of ions.  This  cond i t ion  had been seen  
dur ing  system development which w a s  undertaken on another  program and 
w a s  thought t o  have been e l imina ted  a t  t h a t  t i m e  by i s o l a t i n g  the  
t h r u s t e r  subsystem from the  CLPC subsystem. However, it cont inued 
t o  be a problem throughout t h e  present  program. 
The qua l  u n i t  w a s  assembled with a new t h r u s t e r  as SN 01-02 and put 
through ope ra t iona l  tes t .  The system was f u l l y  exerc ised  a t  each 
t h r u s t  l e v e l  inc luding  20 p l b  and beam d e f l e c t i o n  w a s  measured wi th  
t h e  scanning probe. Typica l  probe d a t a  are shown in Figure 20. The 
test was gene ra l ly  success fu l  although a few anomalies were observed. 
On s e v e r a l  occasions spur ious  t h r u s t  s t e p  commands were generated 
and on several occasions the d e f l e c t i o n  command c i r c u i t r y  i n  the  
test  console  operated i n t e r m i t t e n t l y .  
A t  the  conclusion of t he  Opera t iona l  Test, t h e  t h r u s t e r  w a s  c leaned 
and the  system w a s  subjec ted  t o  q u a l i f i c a t i o n  level ho t  and co ld  
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s t o r a g e  and humidity tests. A l l  were passed s u c c e s s f u l l y  and were 
n o t  repeated i n  subsequent test series. 
On September 29, v i b r a t i o n  t e s t i n g  w a s  conducted. During s i n u s o i d a l  
v i b r a t i o n  some resonance occurred i n  t h e  t h r u s t e r  subsystem between 
250 and 400 Hz. The ion izer ,  beam former,  a c c e l e r a t o r  and d e c e l e r a t o r  
e l e c t r o d e s  a l l  experienced excurs ions  of from 0.05 t o  0.1 in .  A l l  
except t h e  i o n i z e r  re turned  t o  t h e i r  o r i g i n a l  pos i t i ons .  The i o n i z e r  
remained misaligned about 0.01 in., bu t  t h i s  d i d  n o t  degrade performance. 
During s i n u s o i d a l  v i b r a t i o n  a nut  w a s  v i b r a t e d  loose. 
(with a new lock  washer) and t h e  test  proceeded t o  random v ib ra t ion .  
Since the  apparent  cause of  the  loose n u t  w a s  inadequate torquing, 
torque s p e c i f i c a t i o n s  were imposed on a l l  subsequent assemblies.  With 
t h e  except ion  of the  loose nu t  and s l i g h t  i o n i z e r  misalignment produced 
by the  s i n u s o i d a l  v ibra t ion ,  the  t es t  w a s  successfu l .  
It w a s  rep laced  
On September 30 a c c e l e r a t i o n  t e s t i n g  was conducted uneventful ly ,  
l eav ing  t h e  system ready f o r  thermal-vacuum t e s t i n g  i n  October. Accel- 
e r a t i o n  tes t  w a s  n o t  repea ted  i n  subsequent t e s t  series. 
On October 2 the  Thermal Vacuum q u a l i f i c a t i o n  tes t  w a s  s t a r t e d .  
opera t ion  a t  5, 10, and 15 micropound t h r u s t  levels w a s  normal. When 
the  command was given f o r  20  micropound operat ion,  the ion  beam 
c o l l e c t o r  c u r r e n t  ro se  from 670 @A t o  840 1 A  and then decreased ins tead  
of r i s i n g  f u r t h e r ,  This  type of opera t ion  is n o t  we l l  understood but  
is widely a t t r i b u t e d  t o  ion ize r  contamination and is  r e f e r r e d  t o  as 
System 
ro l love r "  a f t e r  t he  appearance of the c h a r t  recorder  trace. Operat ion 
a t  t h e  15 micropound l e v e l  was resumed. Subsequent a t tempts  t o  achieve 
20 micropound opera t ion  were s i m i l a r l y  unsuccessful .  Severa l  times 
dur ing  t h i s  phase of the  t e s t  the  t h r u s t  command s t a t u s  changed spon- 
taneously t o  the  20 micropound l e v e l .  Spurious t h r u s t  adjustment 
commands are usua l ly  assoc ia ted  wi th  t h r u s t e r  sparks .  
11 
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During t h i s  phase of t h e  test  two 0.003 d i a  n e u t r a l i z e r  f i l amen t s  
being t e s t e d  i n  a separate vacuum system f a i l e d .  
des ign  incorporated two 0.003-in diameter  tantalum wires ope ra t ing  i n  
parallel and a redundant p a i r  as s tandby wi th  automatic switch-over  
i n  case both of t h e  primary f i laments  f a i l e d .  Th i s  scheme provided 
fou r fo ld  redundancy s i n c e  a s i n g l e  filament provided adequate beam 
n e u t r a l i z a t i o n .  The l i t e r a t u r e  p r e d i c t s  a l i f e  of 10,000 hours f o r  
the  f i l amen t s  as used, but  f a i l u r e s  were occuring between 100 and 300 
hours. Subsequent i n v e s t i g a t i o n  showed t h a t  f a i l u r e  w a s  due t o  e i t h e r  
evaporat ion or  c r y s t a l - s l i p p a g e  ( o f f s e t t i n g ) ,  a w e l l  known phenomenon 
i n  h igh  temperature  f i laments .  Because of t he  poor performance of t h e  
0.003 inch  diameter f i l amen t s ,  one p a i r  w a s  rep laced  on q u a l i f i c a t i o n  
t h r u s t e r  SN 02 by a s i n g l e  0.007 inch diameter  tantalum f i lament .  
formance of the  s i n g l e  f i lament  w a s  s a t i s f a c t o r y  both i n  system tests 
and i n  b e l l - j a r  l i f e t i m e  tests; t h i s  des ign  w a s  u l t i m a t e l y  approved 
f o r  incorpora t ion  i n  f l i g h t  hardware, N o  f u r t h e r  n e u t r a l i z e r  f a i l u r e s  
occurred a f t e r  t he  des ign  change. A n e u t r a l i z e r  l i f e  tes t  i s  being 
conducted under an A i r  Force program; 0.007 inch  diameter tantalum 
f i laments  doped wi th  50 ppm y t t r i u m  have logged over 4000 hours 
continuous operat  ion wi th  no f a i l u r e s .  
The o r i g i n a l  t h r u s t e r  
Per-  
On October 4 ,  t he  high temperature p a r t  of t he  thermal vacuum test 
was s t a r t e d  with the  system opera t ing  a t  t h e  15 micropound level. The 
fol lowing equi l ibr ium temperatures ( i n  C)  were measured: Thermal-Vac 
t e s t  enclosure,  40; CLPC mounting point, 51; Thrus t e r  mounting point,  
60; Thrus te r  housing, 82; CLPC case, 60; Main Converter transformer,  
73. After equi l ibr ium w a s  a t t a ined ,  t h ree  off-on cyc le s  were performed. 
A t  t h i s  t i m e  t roub le  w a s  experienced i n  tu rn ing  on high vo l t age  and 
unexpected i n t e r a c t i o n  of commands w a s  observed. A f t e r  some d iagnos t i c  
opera t ion  these  problems were t raced  t o  a f a u l t y  r e l a y  i n  t h e  CLPC 
and the  t e s t  w a s  continued. Equi l ibr ium temperature d a t a  w a s  taken 
a t  s e v e r a l  combinations of thermal enc losure  and mounting poin t  
0 
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temperatures.  When the  high temperature po r t ion  of t he  t es t  w a s  complete, 
t he  l o w  temperature po r t ion  was conducted; the system w a s  then sub jec t ed  
t o  19  on-off c y c l e s ,  each c o n s i s t i n g  of approximately 1-1/2 hours of  
power on and 1 hour of power of f .  The on-off cyc le s  were completed 
wi thout  i n c i d e n t  and the  14-day ope ra t iona l  period w a s  s t a r t e d .  After 
encounter ing some t roub le  wi th  Hv turn-on, the  sys  t e m  w a s  s t a b i l i z e d  
at 15 micropounds, Severa l  hours later, a spur ious  t h r u s t  adjustment  
command was generated.  Operat ion a t  20 micropounds w a s  n o t  achieved; 
i n s t ead  the  f f ro l love r "  phenomenon occurred. 
w a s  no t  superv ised  on a 24-hour b a s i s ,  t h i s  cond i t ion  p e r s i s t e d  u n t i l  
d iscovered by an  opera tor  s e v e r a l  hours la ter .  By t h i s  t i m e  the  power 
supp l i e s  were overloaded and were cyc l ing  on and of f  cont inuously.  
During the next  48 hours the system w a s  operated i n  an a t t e m p t  t o  
achieve s t a b l e  15 micropound ope ra t ion  once again.  This a t tempt  w a s  
unsuccessfu l .  A f t e r  a f e w  a d d i t i o n a l  hours of  ope ra t ion  t o  i n v e s t i -  
ga t e  anomalies i n  CLPC opera t ion ,  the system w a s  turned o f f  and removed 
from the tes t  chamber. 
Since the  14-day test 
On 25 October the  Q u a l i f i c a t i o n  System w a s  reassembled wi th  a new 
ion ize r  as SN 01-03 f o r  f u r t h e r  t e s t i n g .  During Operational T e s t  
spur ious  t h r u s t  commands were aga in  observed and i t  w a s  discovered 
t h a t  t he  beam probe mechanism was inopera t ive .  The Q u a l i f i c a t i o n  
System w a s  removed from the  t e s t  chamber, t h e  probe w a s  repaired, and 
t h e  Operat ional  Test w a s  repeated.  On October 30 the  Q u a l i f i c a t i o n  
System was  success fu l ly  subjec ted  t o  v i b r a t i o n  t e s t i n g  and w a s  i n -  
s t a l l e d  i n  t h e  t e s t  chamber f o r  thermal vacuum t e s t i n g .  When energized 
the  ion ize r  heated t o  8OO0C. Since it d id  not  reach t h e  expected 
temperature of 1O8O0C, t he  tes t  w a s  terminated f o r  i nves t iga t ion .  
The i o n i z e r  lead  w a s  found ad jacent  t o  the  beamformer bulkhead. A 
s h o r t  c i r c u i t  w a s  suspected so  the  lead w a s  cen tered  i n  i t s  c learance  
hole  and the  t h r u s t e r  r e t e s t e d .  Again the i o n i z e r  temperature d id  
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n o t  exceed 80OoC. When the  u n i t  w a s  reexamined, cesium was found on 
the  i o n i z e r  and i n  the  feed tube, a cond i t ion  caused by air  pressure 
i n  the  feed  system. The feed  system had s u c c e s s f u l l y  undergone s i x  
ope ra t iona l  cyc le s  previous t o  t h i s  test  and a seventh  cyc le  w a s  known 
t o  have only a reasonable  chance of success.  The low i o n i z e r  temperature 
observed w a s  probably a r e s u l t  of t h e  cesium i n  the  tube providing 
conduction away from t h e  i o n i z e r  area. It should be mentioned f o r  
completeness, however, t h a t  cont inued i n v e s t i g a t i o n  revea led  several 
l a y e r s  of 0.001 i n  t h i c k  molybdenum h e a t  sh i e ld ing  were i n  con tac t  wi th  
the  i o n i z e r  h e a t e r  connector.  This  would r e s u l t  i n  some hea t  conduc- 
t i o n  away from the i o n i z e r  but  could not  account  f o r  the l a rge  tempera- 
t u r e  drop observed. Nevertheless  the  cond i t ion  was undes i rab le  so  the 
h e a t  s h i e l d i n g  des ign  w a s  modified t o  preclude i t s  recur rence .  
Since the  e s s e n t i a l  q u a l i t i e s  of t he  micro thrus te r  system had been 
proven and the f l i g h t  schedule  w a s  pressing, a t t e n t i o n  w a s  tu rned  t o  
f l i g h t  hardware f o r  a time. After d e l i v e r y  of the  f i r s t  two f l i g h t  
u n i t s  a t t e n t i o n  w a s  again re turned  t o  q u a l i f i c a t i o n  t e s t i n g .  
4 . 3  Second Q u a l i f i c a t i o n  S e r i e s  
On December 14 q u a l i f i c a t i o n  t e s t i n g  began wi th  system SN 01-08. 
opera t ion  tes t  cons iderable  a rc ing  was  observed but  t h e  t e s t  w a s  com- 
ple ted  inc luding  beam probe da ta .  The u n i t  moved t o  v i b r a t i o n  test .  
Information from accelerometers  i n s t a l l e d  on the  spacec ra f t  s t r u c t u r a l  
model (T6) ind ica t ed  a c t u a l  v i b r a t i o n  l e v e l s  were cons iderably  lower 
i n  the  70-400 Hz range than ind ica ted  by s p e c i f i c a t i o n  S2-0102. I n  
order  t o  present  a more real  is t i c  tes t ,  q u a l i f i c a t i o n  v i b r a t i o n  w a s  
run  a t  the  reduced va lue  of 5g i n  the  above range. Resonant effects 
i n  t h i s  t es t  were very minor. 
than on previous tests. However, i o n i z e r  misalignment of approximately 
0.005 inch s t i l l  occurred.  Thermal vacuum w a s  s t a r t e d  but  i o n i z e r  con- 
taminat ion e f f e c t s  were ev ident  very  ea r ly .  
During 
Elec t rode  excursions were much smaller 
The u n i t  achieved 15 p l b  
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t h r u s t  but  l a t e r  would no t  maintain even 10 p lb .  The test w a s  d i s -  
cont inued and a new i o n i z e r  i n s t a l l e d .  Since t h e  system had been 
ope ra t ing  normally before  beam probing, probing w a s  e l imina ted  from 
the  t es t  procedure. Although t h e  evidence d i d  n o t  s t r o n g l y  poin t  t o  
the  probe as a source of Contamination, e l imina t ing  i t s  use d i d  decrease  
the  amount of m a t e r i a l  spu t t e red  back t o  the  ion ize r .  
On January 2, 1968 a q u a l i f i c a t i o n  test series us ing  system SN 01-09 
was  s t a r t e d .  The system conf igu ra t ion  was t h e  same as had been t e s t e d  
previously except  t h a t  t r a n s i e n t  suppress  ion res isto-s had been 
i n s t a l l e d  i n  t h e  a c c e l e r a t o r  quadrant leads.  A t  t he  t i m e ,  it w a s  
being proposed t h a t  1OK metal f i l m  r e s i s t o r s  be used f o r  suppression, 
s o  r e s i s t o r s  of t h i s  type  were i n s t a l l e d ,  (Subsequent s imulated 
t h r u s t e r  spark ing  tests ind ica ted  t h a t  t h e  1OK metal f i l m  r e s i s t o r s  
used on the  q u a l i f i c a t i o n  system could no t  be expected t o  su rv ive  i n  
t h i s  s e rv i ce .  Also a d d i t i o n a l  t r a n s i e n t  suppress ion  a s soc ia t ed  wi th  
a l a r g e r  r e s i s t a n c e  va lue  proved des i r ab le .  A 300K carbon composition 
r e s i s t o r  w a s  f i n a l l y  chosen f o r  f l i g h t  u n i t s . )  The ope ra t iona l  t e s t  
w a s  s u c c e s s f u l l y  conducted as d i r e c t e d  by the  Technical  O f f i c e r  with 
ope ra t ion  through 15 micropounds. The system w a s  then sub jec t ed  t o  
q u a l i f i c a t i o n  l e v e l  v i b r a t i o n  t e s t i n g  t o  the  levels ind ica t ed  by ‘1‘6 
spacec ra f t  tests. No problems were encountered except  t h a t  a f t e r  t h e  
t e s t  it was found t h a t  one of the metal f i l m  r e s i s t o r s  had f a i l e d ,  
probably from sparking dur ing  ope ra t iona l  t e s t .  The r e s i s t o r  w a s  
rep laced  and thermal vacuum t e s t i n g  w a s  s t a r t e d .  Operation of t he  
system dur ing  t h i s  t e s t  w a s  genera l ly  s a t i s f a c t o r y .  During t h e  f i r s t  
f e w  hours of t he  test  the  vapor izer  con t ro l  loop exh ib i t ed  o s c i l l a t i o n s .  
Th i s  e f f e c t ,  a t t r i b u t e d  t o  feed system c h a r a c t e r i s t i c s ,  disappeared 
a f t e r  t h e  25 on-off cyc le s .  Hot and cold cyc le s  were completed un- 
even t fu l ly  and a 14-day period of unattended opera t ion  w a s  s t a r t e d .  
During t h i s  period 7 spur ious  commands from 15 micropounds t o  20 
micropounds were observed. When t h i s  occurred, the t es t  console,  
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which had been modified s i n c e  the  last  test, au tomat i ca l ly  commanded 
t h r u s t  o f f  and summoned an opera tor .  
per iod t h e  t h r u s t e r  sparked s u f f i c i e n t l y  on two occasions t o  activate 
the  a r c  counter  which shu t s  down t h e  system, 
14 day tes t ,  on-off cyc l ing  w a s  aga in  conducted, 
i t  w a s  observed t h a t  t h e  vapor i ze r  power r equ i r ed  t o  achieve 15 micro- 
pound opera t ion  was  increas ing .  F i n a l l y  it w a s  impossible t o  achieve  
15 micropounds i n  normal cycl ing.  However, i f  t h e  system were operated 
a t  10 micropounds f o r  approximately four  hours, vapor i ze r  power 
gradual ly  decreased t o  a normal va lue  and several normal on-off cyc le s  
could be performed. After 16 on-off cyc le s  the  tes t  was terminated 
on January 26. With the  poss ib le  except ion  of t h e  anomalous feed  
system behavior, q u a l i f i c a t i o n  t e s t i n g  w a s  considered acceptable .  
During t h e  last day of t h i s  
Upon completion of t he  
Af te r  about 10 c y c l e s  
4.4 RFI F i l t e r  Q u a l i f i c a t i o n  
During tests wi th  the  Experimental Package Console (EPC) a t  Hughes 
Aircraft i t  w a s  discovered t h a t  high vol tage  a r c i n g  i n  the  micro- 
t h r u s t e r  was inducing t r a n s i e n t s  on te lemet ry  l i n e s  t h a t  could damage 
t h e  spacec ra f t  encoder. A s  noted earlier, spa rk  suppress ion  r e s i s t o r s  
were added t o  t h e  a c c e l e r a t o r  l eads  and bench tests ind ica t ed  t h i s  
was s u f f i c i e n t  t o  p ro tec t  t h e  encoder. A set of accel leads w i t h  
300K carbon r e s i s t o r s  w a s  subjec ted  t o  q u a l i f i c a t i o n  l e v e l  v i b r a t i o n  
and thermal-cycl ing t o  v e r i f y  the  des ign  change. This  was necessary 
as 1OK metal f i l m  r e s i s t o r s  w e r e  used dur ing  t h e  mic ro th rus t e r  q u a l i -  
f i c a t i o n  test. 
With r e s i s t o r s  i n s t a l l e d ,  de l ive red  u n i t s  passed EPC but  a u n i t  w a s  
misassembled causing a spark  t h a t  damaged the  F-4 s p a c e c r a f t  encoder. 
Subsequent examination r e s u l t e d  i n  t i g h t e r  c o n t r o l  on assembly and 
the  d e c i s i o n  t o  add an RFI f i l t e r  assembly e x t e r n a l  t o  t h e  micro- 
t h r u s t e r  system. This  f i l t e r  was f a b r i c a t e d  and subjec ted  t o  
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q u a l i f i c a t i o n  v i b r a t i o n  and thermal cyc l ing  t o  q u a l i f i c a t i o n  l e v e l  
temperatures t o  v e r i f y  the  design. Three thermal cyc le s  were conducted; 
each cyc le  cons is ted  of one h a l f  hour a t  -5OC and one h a l f  hour a t  4OoC. 
Trans ien t  suppression was monitored during hot  and cold cyc les .  
t o  peak t r a n s i e n t s  of 500 v o l t s  a t  10 NHz were reduced t o  10 v o l t s .  
Q u a l i f i c a t i o n  t e s t i n g  ended with t h e  above t e s t .  The micro thrus te r  
system had demonstrated success fu l  operat ion through 15 p l b  t h r u s t  
l eve l .  Ind ica t ions  of adequate l i f e  were good, although test  time 
w a s  l imi t ed  by the  program schedule.  Three items remained incompletely 
explained: Ion ize r  contamination, slow vapor izer  response during 
cycl ing,  and spurious t h r u s t  l e v e l  commands, But none of these  appear 
t o  prevent t he  mic ro th rus t e r  system from performing i ts  mission on 
ATS. The super ior  vacuum environment a v a i l a b l e  on the  spacec ra f t  
should improve ion ize r  performance allowing s a t  i s f a c t o r y  opera t ion  a t  
20 plb.  The micro thrus te r  system is f l i g h t  q u a l i f i e d  f o r  15 p l b  and 
has 20 p l b  t h r u s t  po ten t i a l .  
Peak 
a 
5. FLIGHT ACCEPTANCE TESTING AND SPACECRAFT I N T E G W I Q N  
5.1 Acceptance T e s t  Procedure 
F l i g h t  acceptance t e s t i n g  is  performed a t  the  l e v e l s  expected i n  
opera t ion  t o  v e r i f y  func t iona l  i n t e g r i t y  of the  p a r t i c u l a r  u n i t  
t e s t ed .  For the  micro thrus te r  system t h i s  r equ i r e s  random v i b r a t i o n  
a t  l e v e l s  s p e c i f i e d  i n  TR S2-0102 and opera t ion  a t  each t h r u s t  l e v e l  
except 20 p l b  a s  d i r e c t e d  by the  Technical Off icer .  Thermal-vacuum 
t e s t i n g  c o n s i s t s  of 12 hours operat ion a t  t he  h ighes t  a n t i c i p a t e d  
spacec ra f t  temperature, 3OoC, and 12 hours a t  t h e  lowest, 5OC. Three 
on-off cyc les  a re  performed a t  each temperature and t h r u s t  vec tor ing  
c a p a b i l i t y  i s  exerc ised  a t  each t h r u s t  l eve l .  
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5.2 F l i g h t  System SN 03 
On 6 November the  f i r s t  f l i g h t  model, SN 03-04, w a s  completed and 
s t a r t e d  through acceptance t e s t i n g .  V ib ra t ion  t e s t i n g  w a s  completed 
s a t i s f a c t o r i l y  and the  thermal vacuum test  w a s  begun. I n i t i a l  opera- 
t i o n  w a s  s a t i s f a c t o r y  w i t h  the  except ion of f a i l u r e  t o  ope ra t e  at 
20 micropounds t h r u s t .  Operation i n  t h e  co ld  environment w a s  completed. 
During t h e  h o t  environment po r t ion  of t h e  test  t h e  system aga in  f a i l e d  
t o  opera te  a t  20 micropounds. From t h i s  point,  t h r u s t e r  ope ra t ion  
d e t e r i o r a t e d  f u r t h e r  and t h e  t e s t  was terminated.  
A new t h r u s t e r  subsystem w a s  assembled and i n s t a l l e d  i n  t h e  system now 
denoted SN 03-05. Acceptance t e s t i n g  w a s  s t a r t e d  on 14 November. A t  
t he  d i r e c t i o n  of t h e  Technical  O f f i c e r  opera t ion  a t  20 micropound t h r u s t  
was d e l e t e d  from t h e  procedure. The v i b r a t i o n  tes t  w a s  completed sat is-  
f a c t o r i l y .  During thermal vacuum the  u n i t  experienced h igh  d r a i n s  and 
r o l l o v e r  a t  15 p l b  t h r u s t .  
the  test. The u n i t  w a s  determined t o  be acceptable ,  and was  de l ive red  
t o  Hughes A i r c r a f t  Company on 17 November. 
The system recovered however and passed 
The performance of t he  SN 03-05 f l i g h t  system had been ba re ly  satis- 
fac tory .  I n  addi t ion,  fol lowing procedures then i n  e f f e c t ,  t h e  t h r u s t e r  
had not  been cleaned a f t e r  acceptance t e s t ing .  Also a c c e l  l eads  wi th  
r e s i s t o r s  were t o  be r e t r o f i t t e d .  Since i t  w a s  agreed t h a t  a more 
s a t i s f a c t o r y  u n i t  would r e s u l t  from r e t e s t i n g  wi th  a new t h r u s t e r  sub- 
system, t h e  03 system w a s  re turned  from HAC, f i t t e d  wi th  new a c c e l  
leads and the  SN 07 t h r u s t e r  and put i n t o  acceptance test .  The system 
performed w e l l  dur ing  acceptance tes t .  
the ion ize r  temperature f e l l  d ramat ica l ly .  This  malfunct ion was  t r aced  
t o  a f a u l t y  e l e c t r o n  beam weld i n  the i o n i z e r  h e a t e r  lead. Since the  
weld i n  ques t ion  w a s  uninspectable ,  a l l  previously completed welds had 
t o  be reworked. A des ign  change w a s  made t o  prevent recur rence  of 
A t  t he  end of the test, however, 
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t h i s  problem. The 07 t h r u s t e r  subsystem was  replaced wi th  SN 11 and 
the  system w a s  prepared f o r  f l i g h t  acceptance t e s t i n g ,  Th,is test  w a s  
terminated when the  ion ize r  temperature began t o  f l u c t u a t e .  The 
problem w a s  t raced  t o  con tac t  between ion ize r  and vapor izer  leads,  
Addi t iona l  c l ea rance  w a s  provided and the  u n i t  w a s  reassembled wi th  
t h r u s t e r  SN 10. F l i g h t  u n i t  SN 03-10 passed acceptance test  without  
i nc iden t  and w a s  r ede l ive red  t o  Hughes A i r c r a f t  Company. 
5.3 F l i g h t  System SN 04 
In checking out t he  next  f l i g h t  model CLPC (S/N 04) it w a s  discovered 
t h a t  t he  u n i t  exh ib i t ed  the  symptoms of an  overload cond i t ion  on the  
nega t ive  high vo l t age  supply. I n i t i a l l y  i t  w a s  f e l t  t h a t  t he  nega t ive  
high vol tage  cu r ren t  transformer might be de fec t ive .  Fur ther  i n v e s t i -  
ga t ion  showed, however, t h a t  n e i t h e r  t he  c u r r e n t  t ransformer nor the  
r e c t i f i e r  module w a s  f au l ty .  The overcur ren t  s i g n a l  was  apparent ly  
produced by c a p a c i t i v e  c u r r e n t  a s soc ia t ed  wi th  s t r a y  wi r ing  capac i ty .  
SN 04 was put i n  operat ing cond i t ion  by r e rou t ing  some of the  high 
vol tage  wir ing  and by adding a r e s i s t o r  i n  p a r a l l e l  w i th  the  secondary 
of t he  c u r r e n t  transformer t o  b r ing  t h e  ov r load  t r i p  po in t  t o  t h e  
des i r ed  l e v e l .  Fu r the r  bench t e s t i n g  showed t h a t  two r e s i s t o r s  i n  the  
d e f l e c t i o n  c i r c u i t r y  also had f a i l e d ,  These were replaced.  
Because of p o t e n t i a l  problems i n  recovering from r o l l o v e r ,  one 
t h r u s t e r  on ATS-D w a s  t o  be l imi t ed  t o  15 p l b  t h r u s t .  Thus, F l i g h t  
System SN 04-11 w a s  modified t o  15 p l b  maximum t h r u s t  as d i r e c t e d  by 
the  Technical Of f i ce r .  This  w a s  done by a t t enua t ing  the  t h r u s t  
r e fe rence  s i g n a l  t o  make each l e v e l  75% of i t s  o r i g i n a l  value.  
acceptance t e s t i n g  w a s  begun. Af te r  t h ree  hours i n t o  the  hot  cyc le  
of thermal vacuum the  high vo l t age  conver te r  began t o  cyc le  on and 
o f f .  Inves t iga t ion  showed the  overload c i r c u i t  w a s  temperature 
s e n s i t i v e .  CLPC SN 04 w a s  s e t  a s i d e  f o r  the  time being. 
F l i g h t  
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5.4 F l i g h t  System SN 05 
The complete mic ro th rus t e r  system w a s  assembled on 27 November and 
s t a r t e d  i n t o  acceptance t e s t i n g  as SN 05-06. V ib ra t ion  t e s t i n g  w a s  
completed uneven t fu l ly  and t h e  thermal-vacuum test s t a r t e d .  It w a s  
found t h a t  a c c e l e r a t o r  d r a i n s  were excess ive ly  h igh  from t h e  
beginning of the test. This  cond i t ion  w a s  a t t r i b u t e d  t o  the  f a c t  t h a t  
t h e  t h r u s t e r  e l e c t r o d e s  and i n s u l a t o r s  had no t  been cleaned a f t e r  t h e  
t h r u s t e r  condi t ion ing  run. The tes t  was  terminated, t h e  system w a s  
removed from the  test chamber, and t h e  e l e c t r o d e s  were cleaned. It 
was a t  t h i s  time p o s t t e s t  c leaning  procedures w e r e  r e i n s t i t u t e d  f o r  
a l l  t h r u s t e r s .  The thermal vacuum test w a s  r e s t a r t e d  on November 30. 
Operat ion of t h e  t h r u s t e r  was  less than s a t i s f a c t o r y ;  the  system 
f a i l e d  t o  achieve 15 micropound opera t ion  upon command due t o  
occurrence of the " ro l love r "  phenomenon. 
t inued; on December 1, 15 micropound opera t ion  had been achieved and 
the co ld  c y c l e  por t ion  of the  thermal vacuum test w a s  conducted. The 
fol lowing day t h e  ho t  cyc le  po r t ion  w a s  s t a r t e d .  Thrus t e r  ope ra t ion  
d e t e r i o r a t e d  wi th  repea ted  f a i l u r e  t o  opera te  a t  15 micro pounds 
observed. Late  on December 2 the  test  w a s  terminated. Thrus t e r  06 
was removed from the  CLPC and operated wi th  l a b o r a t o r y  supp l i e s .  
Operation a t  e l eva ted  temperature r e s t o r e d  the  i o n i z e r  t o  proper opera- 
t ion.  Af te r  c leaning  and reassembly t h e  t h r u s t e r  w a s  r e i n s t a l l e d  on 
the CLPC and system SN 05-06 was subjec ted  t o  acceptance thermal 
vacuum test. The test w a s  completed without  i n c i d e n t  and t h e  system 
w a s  d e l i v e r e d  on December 12. 
System ope ra t ion  was con- 
The de l ive red  f l i g h t  system SI'? 05-06 w a s  subjec ted  t o  t e s t i n g  on t h e  
Experiment Package Console (EPC) a t  Hughes. 
t e s t i n g  it w a s  observed tha t ,  dur ing  s imulated t h r u s t e r  sparking, 
l a r g e  t r a n s i e n t s  (>lo0 v o l t )  were introduced on t e lemet ry  l i n e s .  These 
t r a n s i e n t s  were c o r r e l a t e d  wi th  encoder malfunctions. 
revealed t h a t  t r a n s i e n t s  of amplitude g r e a t e r  than 4 5 . v o l t s  were 
I n  the  course  of t h i s  
Analysis  by HAC 
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p o t e n t i a l l y  damaging so  the  t a s k  of reducing t h e  amplitude of t he  
t r a n s i e n t s  w a s  undertaken. 
adding a 300K r e s i s t o r  i n  s e r i e s  wi th  the  lead  t o  each a c c e l e r a t o r  
quadrant l i m i t e d  c u r r e n t  f low dur ing  spark ing  and reduced the  t r a n s i e n t s  
on te lemetry l i n e s  t o  an acceptab le  l e v e l  of a few v o l t s .  
change was approved and q u a l i f i c a t i o n  t e s t i n g  of r e s i s t o r  assemblies  
was conducted. A t  t h e  d i r e c t i o n  of the  Technical  Off icer ,  f u r t h e r  
i n v e s t i g a t i o n s  were conducted t o  reduce te lemet ry  l i n e  no i se  a s soc ia t ed  
wi th  i n v e r t e r  operat ion.  It was found t h a t  a worthwhile r educ t ion  in 
no i se  could be produced by adding a 6800 pF capac i to r  between c o l l e c t o r s  
of the  ion ize r  i n v e r t e r  and by adding 2700 pF ac ross  the  input  power 
l i n e  f o r  h igh  frequency by-passing; these  modif icat ions were approved 
and incorporated i n t o  the  design. 
An experimental  i n v e s t i g a t i o n  showed t h a t  
Th i s  des ign  
F l i g h t  System SM 05-06 w a s  re turned  from Hughes A i r c r a f t  f o r  add i t ion  
of the  modgfications descr ibed  abwe .  Af te r  modi f ica t ion  the  u n i t  
w a s  subjec ted  t o  the  f l i g h t  acceptance v i b r a t i o n  schedule and the  CLPC 
with s imula tor  p u t  through a modified thermal vacuum schedule compris- 
ing t e s t i n g  four  hours a t  the high temperature and four  a t  the  low t e m -  
pera ture  s p e c i f i e d  f o r  f l i g h t  acceptance.  
The u n i t  w a s  r ede l ive red  t o  Hughes f o r  EPC and spacec ra f t  tests. 
t echn ica l  d i r e c t i o n  t h e  u n i t  w a s  aga in  re turned  t o  EOS and modified 
by reducing maximum t h r u s t  t o  15 plb;  SN 05-06 w a s  again re turned  t o  
Hughes. While a t  Hughes the  s imulator  w a s  removed and t h r u s t e r  
i n s t a l l e d  by EOS personnel as p a r t  of the  spacec ra f t  test  procedure. 
The u n i t  was”mounted on the  spacec ra f t  f o r  t e s t i n g .  During high 
vo l t age  a rc ing  the  spacec ra f t  encoder w a s  damaged, System 05-06 
was re turned  t o  EOS f o r  ana lys i s  which showed the  t h r u s t e r  had been 
misassembled allowing a pos i t i ve  t o  negat ive high vol tage  a r c  t o  
bypass’ the  300K suppression r e s i s t o r s .  T o  prevent t he  s i t u a t i o n  
from recurr ing,  an assembly and disassembly procedure was prepared 
By 
72 02 -A- 1 52 
f o r  EOS personnel ope ra t ing  away from t h e  EOS plan t .  
po in ts  f o r  cognizant  q u a l i t y  assurance in spec to r s  were c l e a r l y  i n d i -  
ca t ed ,  The u n i t  was  r ede l ive red  t o  Hughes Aircraft Company, 
Inspec t ion  
5.5 F i l t e r s  
As a r e s u l t  of t h e  encoder f a i l u r e ,  e f f o r t  w a s  d i r e c t e d  toward develop- 
ing an RFI  f i l t e r  t o  a c t  as a bu f fe r  between mic ro th rus t e r  system and 
spacecraft encoder. A f i l t e r  w a s  designed and q u a l i f i e d  as repor ted  
i n  Sec t ions  2.5 and 4.4. Acceptance t e s t i n g  f o r  t he  f i l t e r s  cons i s t ed  
of v i b r a t i o n  t o  f l i g h t - s p a r e  s p e c i f i c a t i o n s ,  3 axis random, 3 axis s ine .  
The u n i t s  were mounted on a mic ro th rus t e r  system i n  t h e  same manner 
t h a t  they a r e  t o  be mounted on the  spacec ra f t .  Thermal t e s t i n g  con- 
s i s t e d  of 3 cyc le s  each c o n s i s t i n g  of one-half  hour a t  5 C and one- 
h a l f  hour a t  3OoC. 
0 
Trans ien t  suppress ion  w a s  monitored. 
Two f l i g h t  u n i t s  were acceptance t e s t e d .  
one f l i g h t  u n i t  were de l ive red  t o  Hughes A i r c r a f t  and i n s t a l l e d  on 
the mic ro th rus t e r s  there .  The t h i r d  u n i t  i s  the  f l i g h t  spare. 
The q u a l i f i c a t i o n  u n i t  and 
6, NEW TECHNOLOGY 
There are no r epor t ab le  items a s  def ined  by t h e  New Technology Clause. 
7.  PROGRAM FOR NEXT REPORTING INTERVAL 
During the  next  r e p o r t i n g  i n t e r v a l  t he  fol lowing t a s k s  w i l l  be under- 
taken: 
1) Conduct f l i g h t  spa re  acceptance t e s t i n g  on micro thrus te r  
system SN 06-11. 
2) Complete f a b r i c a t i o n  and acceptance t e s t i n g  of f i l t e r  u n i t s  
SN 04 and 05. 
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3) Complete f a b r i c a t i o n  and acceptance t e s t i n g  of microt i i ruster  
systems SN 04, 07, and 08, 
4) Continue spacecraft i n t e g r a t i o n  and test support .  
5) Provide spacec ra f t  pre-launch and post-launch support .  
6) Refurbish q u a l i f i c a t i o n  mic ro th rus t e r  system SN 01 and 
d e l i v e r  t o  GSFC with t e s t  console.  
8. CONCLUSIONS AND RJICOMMENDATIONS 
As a r e s u l t  of t he  development and t e s t i n g  descr ibed  i n  the  main body 
of t he  repor t ,  we conclude t h a t  t he  mic ro th rus t e r  systems are f l i g h t  
q u a l i f i e d  and have an e x c e l l e n t  chance of performing as a n t i c i p a t e d  
absard  the  satel l i te .  
However, dur ing  t h e  program a number of problems arose,  which, because 
of t h e  press  of t i m e ,  could be d e a l t  wi th  only i n  a very  l i m i t e d  way. 
Extended inves t iga t ions  i n t o  the  source of t h e  problem o r  s o l u t i o n s  
involving s i g n i f i c a n t  changes i n  system des ign  were no t  compatible 
wi th  t h e  program which was s t r i c t l y  geared t o  f l i g h t  hardware f a b r i -  
c a t i o n  and acceptance t e  t i n g  on a r a p i d  schedule.  
I n  most cases) an acceptab le  i f  n o t  completely s a t i s f a c t o r y  s o l u t i o n  
m was a r r i v e d  a t  i n  t h e  l imi t ed  t i m e  ava i l ab le ,  al lowing 
t h e  program t o  proceed. We f e e l  t h a t  t hese  s o l u t i o n s  are no t  t he  
b e s t  s o l u t i o n s  and t h a t  i t  would be h ighly  d e s i r a b l e  t o  conduct 
f u r t h e r  i nves t iga t ions ,  determining the  cause of the problem wherever 
possible ,  and present ing  the  a v a i l a b l e  so lu t ions .  
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